Abstract. The second Sporadic E Experiment over Kyushu (SEEK-2) was carried out on 3 August 2002, during an active sporadic-E event that also showed quasi-periodic (QP) echoes. Two rockets were launched into the event from Kagoshima Space Center in southern Japan 15 min apart. Both carried a suite of instruments, but the second rocket also released a trimethyl aluminum (TMA) trail to measure the neutral winds and turbulence structure. In a number of earlier measurements in similar conditions, large winds and shears that were either unstable or close to instability were observed in the altitude range where the ionization layer occurred. The SEEK-2 wind measurements showed similar vertical structure, but unlike earlier experiments, there was a significant difference between the up-leg and down-leg wind profiles. In addition, wave or billow-like fluctuations were evident in the up-leg portion of the trail, while the lower portion of the down-leg trail was found to have extremely strong turbulence that led to a rapid break-up of the trail. The large east-west gradient in the winds and the strong turbulence have not been observed before. The wind profiles and shears, as well as the qualitative characteristics of the strong turbulence are presented, along with a discussion of the implications of the dynamical features.
Introduction
The first Sporadic-E Experiment over Kyushu (SEEK) was carried out in August 1996 and provided the first comprehensive measurements of the electrodyCorrespondence to: M. F. Larsen (mlarsen@clemson.edu) namic parameters in a quasi-periodic (QP) radar echo event. Radar echoes of this type were first identified unambiguously by Yamamoto et al. (1991 Yamamoto et al. ( , 1992 , although some earlier studies, such as that by Riggin et al. (1986) , also showed evidence of similar structure, but these studies only provided measurements of some parameters, such as the radar echo morphology or Doppler shifts. The first SEEK campaign, on the other hand, provided measurements of a broad range of parameters, including the detailed electron density structure, the electric fields, and the neutral wind profile across the altitude range where the sporadic-E layer and QP structure were detected by ground-based coherent scatter radar. An important conclusion of the earlier experiment was that the enhanced ionization layer was found in a region of strong shear. The collocation of the shear layer and the sporadic layer was not unexpected, of course (see, e.g. Whitehead, 1970 , and references therein), but the magnitude of the shear was large enough to suggest that Kelvin-Helmholtz billows were likely to be present in the altitude range where the ionization layer was found . These results led Larsen (2000) to re-examine the data available from past rocket and radar measurements made in sporadic-E conditions, which consistently showed neutral wind shears in the vicinity of the layers that were either unstable or close to instability in the Richardson number sense. In fact, the observed characteristics of the QP echo structures show spatial structures and periodicities that are in general agreement with those that would be expected for shear layers with the vertical gradients and shear magnitudes that have been observed. Larsen (2000) therefore suggested that the neutral shear instability could be responsible for the initial vertical displacements of the ionization that would seed the plasma instability responsible for the coherent radar echoes.
The dynamics and instability processes responsible for the QP echo phenomenon are still not clear. Recent modeling results have shown that large polarization electric fields can develop in conditions that are representative of sporadic-E (see, e.g. Yokoyama et al., 2004a Yokoyama et al., ,b, 2005 . Other studies have developed the theory for new types of instabilities (see, e.g. Kagan, 2002; Tsunoda et al., 2004) . The instability described by Tsunoda et al. (2004, and references therein) is particularly notable because it predicts the prevalent northwest to southeast orientation of the QP echo structures. Whichever mechanism or combination of mechanisms ultimately provides the best explanation of the physics, it seems clear that the neutral winds are critical to the electrodynamics and plasma physics of the sporadic-E layer. Larsen (2002) has shown that the winds and shears in the altitude range from 90 to 120 km are larger than those predicted by general circulation models or tidal theory, presumably because of gravity wave breaking or other small-scale instabilities (e.g. Larsen et al., 2004) that are not treated adequately by the models or theory. The somewhat limited set of neutral wind profile measurements made in sporadic-E conditions suggest that the shears and wind speeds in those conditions are at the extreme end of the range, i.e. the shears and wind speeds are consistently larger than the average values for that part of the atmosphere. In addition to acting as a driver for currents and electric fields, the large shears also provide a mechanism for generating structure within and vertical displacements of the ionization that can serve as a seeding mechanism for the various instabilities that have been proposed as an explanation for the QP echoes. Random gravity waves can serve the same purpose, but the Kelvin-Helmholtz billows have the advantage that they would be generated by the same shears that are associated with the sporadic layers so that the seeding is directly related to the same processes that are responsible for the electrodynamic and plasma instabilities.
The objective of the SEEK-2 experiment was to provide a set of comprehensive measurements of the electrodynamic and plasma parameters in the environment that produces QP echo structure, as described by Yamamoto et al. (2005) . Although a number of earlier experiments have provided wind measurements in sporadic-E or QP conditions, the conditions observed in SEEK-2 showed significantly more variability and larger gradients than in those earlier experiments and thus provide additional information about the range of variation that can be expected.
Experiment description
The SEEK-2 launches were carried out during the night of 3 August 2002, from Uchinoura Space Center in the southern part of Kyushu Island in Japan. The coherent scatter radar echoes from a 32-MHz radar during the launch event are shown in Fig. 1 . The radar was located at the southern end of Tanegashima Island. The echoes show typical QP echo structures with striations that slant toward the radar with increasing time and periodicities of 5-10 min between adjacent striations. The direct measurement provided by the radar is the range to the echoes, which is shown in the right-hand scale in the figure. If the scatterers are aligned with the magnetic field lines, as expected, then the perpendicularity condition can be used to convert the range measurement to corresponding altitude, shown on the left-hand scale in the figure. The measurements then indicate that the strongest scatter was from the altitude range between ∼98-105 km. The radar observations are described in much greater detail in the companion paper by Saito et al. (2005) , as well as in the overview paper by Yamamoto et al. (2005) There were two launches in the SEEK-2 experiment. The first rocket carried a compliment of instruments only and was launched at 23:24 LT (see Yamamoto et al., 2005) . The second rocket carried instruments and a trimethyl aluminum (TMA) canister that released a trail used to measure the neutral winds in the lower E region. The launch of the second rocket was at 23:39 LT, shown by the red arrow in Fig. 1 . The flight of that rocket and the time during which the trail was visible thus occurred during a period when the echoes were strongest.
The geometry for the experiment is shown in Fig. 2 . The coherent scatter radar was located in the southern part of Tanegashima, the launch site was at Uchinoura, and the rocket trajectory is shown by the light line that extends eastsoutheastward from Uchinoura. The section of the trajectory where TMA was released is shown as a thicker line. The release was continuous across the flight apogee, so there was a section near the midpoint of the trajectory where the trail was close to horizontal. The map also shows the location of the camera sites that were used for the observations and subsequent triangulation of the trail, namely Tanegashima, Uchinoura, and Kochi.
The electron density profiles measured during the flight are shown in Figs 3 and 4. The peak layer density occurred near 102 km with peak values exceeding 10 5 cm −3 on the upleg portion of the flight and slightly lower peak values on the down-leg. There are several secondary layers, the most prominent being the one located near 105 km on the up-leg. The measurements and other aspects of the observations are discussed in more detail by Wakabayashi et al. (2005) .
Wind measurements
Trimethyl aluminum has been used extensively as a tracer of the neutral motion in the E region (e.g. Larsen, 2002 , and references therein). The trail was released during the flight starting at an altitude of ∼85 km, through apogee at 117 km, and to a similar altitude on the down-leg portion of the tra- jectory. The release occurred over a period of a few minutes. The TMA was visible for approximately five to thirty minutes, depending on the altitude. The triangulation was carried out using images from the three sites shown in Fig. 2 . Because the apogee was very low, below 120 km, the top part of the trail was nearly horizontal, making it difficult to triangulate. The results presented here are therefore limited to altitudes at and below 110 km where the trail was more vertical and there was a clear separation between the up-leg and down-leg sections of the trail.
The up-leg wind profile produced by the triangulation procedure is shown in Fig. 5 . The winds are relatively small in magnitude, with maximum wind speeds that do not exceed 80 m s −1 . The down-leg wind profile shown in Fig. 6 , on the other hand, has much larger maximum wind speeds, including winds exceeding 150 m s −1 near 96 km, 98 km, and 109 km. The two profiles are significantly different with much greater structure in the eastern, i.e. down-leg, profile.
Shear profiles
The wind shear profiles are shown in Figs. 7 and 8. The shears overall are much larger in the down-leg profile than in the up-leg profile, as would be expected from the wind profiles shown in the previous section. In the up-leg profile the largest shears occur between 100 and 110 km. The down-leg profile shows large shears below 100 km that are not present in the up-leg profile. The shears above 100 km in that profile are generally consistent with the shears in the up-leg profile both in magnitude and in location, at least with respect to the shears in the zonal winds. The meridional winds have larger shears in the up-leg portion of the flight than in the down-leg portion.
These observations are unusual in the context of the larger set of wind measurements in the lower thermosphere described by Larsen (2000) . The mid-latitude wind measurements in that data set in which both up-leg and down-leg trails were deployed is limited to a few dozen cases, but such measurements show generally similar features in the two profiles. The magnitudes of the winds and shears vary across the distance separating the two trails, but the same general features are evident in both profiles. A more typical example of the differences expected between the up-leg and down-leg wind profiles is shown by the data from the study by Larsen et al. (2003) , for example. Even in sporadic-E conditions, which are expected to be more dynamic, the horizontal gradients in the winds and shears have not been as large as those shown here. For example, Wilson (2002) studied the winds from two separate observations made at Wallops Island, Vir- ginia, during sporadic-E and QP conditions. The observations showed consistency between the up-leg and down-leg wind profiles similar to that observed by Larsen et al. (2003) .
Stability and turbulence
The observations described in the previous sections suggest a highly dynamic environment with significant variability and large gradients in the winds along the flight trajectory. The overall stability, in the dynamical sense, depends on the total shear magnitude, which is shown in Fig. 9 . The largest shear magnitudes occur in the up-leg profile between 100 and 110 km. The shears in that altitude range in the down-leg profile show a similar vertical structure but with somewhat smaller magnitudes. The down-leg profile, however, also has very large shear magnitudes, i.e. low stability, between 90 and 100 km.
We have calculated the Richardson number profiles for both parts of the flight by using the observed wind shears and the thermodynamic parameters obtained from the MSIS model. There may be significant differences between the actual temperature profiles and the MSIS temperature profiles, as shown in the case study by Bishop et al. (2004) , for example, but the calculated Richardson numbers should at least provide a good indication of the stability of different atmospheric layers. The curves show the presence of a region of low stability between 100 and 110 km in both the up-leg and down-leg profiles. In both profiles the Richardson numbers are less than the critical value of 1/4 in part of the height range. In the down-leg portion of the flight, there are also height ranges with low Richardson numbers between 90 and 100 km altitude.
The apogee of the rocket was 117 km, i.e. just above the altitude range where the layers were located. The trail was deployed in an unusual configuration therefore with a significant horizontal extent in the altitude range of interest. The image shown in Fig. 11 is a view of the up-leg portion of the trail taken from the camera site at Kochi (see Fig. 2 ). Of particular interest is the wave or billow-like structure evident in the trail. The section with the waves covers the altitude range from approximately 100 to 115 km. Note that the oscillations are evident throughout that height range, but the largest amplitudes occur in the lowest part of the altitude range, i.e. in the same altitude range where the low Richardson number values are found in the stability analysis of the up-leg wind profile (see Fig. 10 ). The values obtained from the triangulation give a horizontal wavelength for the structure of approximately 5 km and a vertical wavelength slightly greater than 2 km. Periodic fluctuations were also observed in the electric fields measured by the rocket that was launched 15 min earlier. Those observations, as well as their relationship to the neutral wind fluctuations, are described in more detail by Pfaff et al. (2005) . The same type of structure was not discernible in the images of the down-leg portion of the trail. The down-leg trail above 100 km appeared to be stable with little small-scale structure. The down-leg trail below 100 km showed signs of very strong turbulence with a rapid mixing of the TMA that was released. The strong mixing can be seen in Fig. 12 , which shows the lower portion of the down-leg trail seen from the camera site at Uchinoura. This type of structure developed within a few minutes after the trail was deployed, and a few minutes later the trail had diffused so much that it became difficult to identify distinct features in the images obtained from the three sites. Such strong turbulence has not been evident in any earlier experiment to our knowledge. As noted above, the winds and shears were much larger in the down-leg section of the trajectory than in the up-leg, especially below 100 km, i.e. in the altitude range where the very strong mixing was observed.
Conclusions
The maximum wind speeds and shear magnitudes observed in the SEEK-2 experiment are comparable to those observed in past experiments (e.g. Larsen et al., 1998; Larsen, 2002) , but the horizontal gradients in the flow were unusual when compared with the larger data set of past observations. A wave-like structure was observed in the lower thermosphere in the altitude range within and just above the sporadic-E layer. Such structure could be associated with random gravity waves propagating through the region, but the collocation of the structures with the region of low Richardson numbers suggest that the oscillations are most likely billows generated by the shear instability. The images also suggest that the amplitude of the oscillations decreases rapidly with altitude above the heights with strong shears and low Richardson numbers, which would be consistent with the behavior expected for a shear-instability structure. Ionosonde mea- surements prior to and during the event (Maruyama et al., 2005) showed that fluctuations in the electron densities in the sporadic-E layer were present for approximately 50 min before the onset of the QP echoes. There is no direct evidence of a direct relationship between those fluctuations and the wave-like oscillations evident in the TMA trail, but the structure in the trail indicates that fluctuations were present in the neutral winds around the time of the experiment.
The same type of structure was not evident in the images of the down-leg portion of the trail, but the velocity profile had larger shears and low Richardson numbers over a broader altitude range in that part of the trajectory. The down-leg portion of the trail showed evidence of very strong mixing, especially in the lower part of the trail. Shear instabilities would initially generate quasi-periodic billow structure, but that eventually leads to a well-mixed layer as the unstable region re-stabilizes. The observations suggest that the downleg region had a more developed instability while the up-leg region had an instability in an earlier phase of its development.
The sporadic-E and QP event studied in SEEK-2 was unusual in that the event was very strong but developed from relatively quiescent conditions. In other studies (e.g. Hysell and Burcham, 2000; Hysell et al., 2004 ) most nights were characterized by activity that changed in strength and characteristics but was present through much of the night. In SEEK-2, not only did the event develop very rapidly in a fairly unusual way, but the observed winds were also unusual in the sense that there were much larger horizontal gradients in the winds and much stronger turbulent mixing than observed in past experiments.
The role of neutral shear instabilities in seeding the processes that lead to the QP echo structures is still not clear, but the results presented here, as well as those from earlier studies cited above, suggest that such instabilities are a ubiquitous component of the electrodynamic environment in which sporadic-E layers and QP echoes occur.
